Environmental characteristics of neighboring locations are generally more similar than those of distant locations. Selection pressures due to parasitism and other environmental conditions shape life history traits of hosts; thus, the probability of parasitism should be associated with the strength of spatial autocorrelation in life history and defensive traits of their hosts. Here we test this hypothesis in three different subpopulations of Magpie (Pica pica) parasitized by the Great Spotted Cuckoo (Clamator glandarius) during three breeding seasons. In some of the years and study plots, we found evidence of positive spatial autocorrelations for clutch size and parasitism rate, but not for laying date. As predicted, brood parasitism was associated with the strength of these spatial autocorrelations. Magpies that bred close to each other in areas of high risk of parasitism responded similarly to experimental parasitic eggs. Moreover, an elevated risk of parasitism eliminated the spatial autocorrelation for clutch size, which became randomly distributed. We discuss possible mechanisms explaining these associations, which may have important consequences for estimating evolutionary responses of hosts to parasitic infections and, therefore, for epidemiological, ecological, and evolutionary studies of host-parasite relationships.
INTRODUCTION
Organisms vary spatially in abundance, but also in behavior and other phenotypic traits, typically as a result of environmental heterogeneity (Thompson 2005) . Geographic variation, however, is nonrandomly distributed and it is known that individuals and environmental characteristics of geographically adjacent populations are, on average, more similar to each other than those of geographically distant populations (Lawton 1993 , Legendre 1993 , Hochberg and Van Baalen 1998 . The degree of similarity among individuals or populations in relation to spatial location is known as spatial autocorrelation and usually appears as the result of the spatially autocorrelated nature of both biotic and abiotic resources (Legendre 1993 , Lichstein et al. 2002 , Bahn et al. 2006 . Resources are themselves spatially autocorrelated, which will therefore result in spatial gradients of survival and reproduction, i.e., demography (Hochberg and Van Baalen 1998) . Thus, it is likely that life history variables such as laying date and clutch size are spatially autocorrelated due to their dependency on spatially autocorrelated environmental factors (Doligez et al. 2008, Valcu and Kempenaers 2010) .
The strength of natural selection imposed by other organisms varies among populations (selection mosaic) and, thus, biological interactions also have a geographic component (Thompson 2005) . In some populations, individuals of coevolving species adapt rapidly to each other (hotspots), but all populations contain adaptive and maladaptive phenotypes due to gene flow among populations , Thompson 2005 ). In fact, much of the dynamics of coevolution may be driven by the interplay between geographic variation in reciprocal selection and the homogenizing action of gene flow . The strength of selection may vary along productivity (i.e., resource availability) gradients within the same population, and, consequently, geographic locations with high rates of adaptive evolution may occur even in the absence of genetic differentiation and at a reduced geographic scale (e.g., at subpopulation or zone level; Van Baalen 1998, Martı´n-Ga´lvez et al. 2007 ). Therefore, individuals in neighboring subpopulations will experience a more similar degree of selection pressure due to interacting organisms (i.e., parasites). However, they may also express adaptive responses similar to those of individuals from geographically more distant subpopulations if the latter experience a similar level of selection pressure (Soler et al. 2001a , Martı´n-Ga´lvez et al. 2007 ).
Manuscript received 2 August 2012; revised 6 December 2012; accepted 16 January 2012. Corresponding Editor: D. M. Tompkins. 5 E-mail: jsoler@eeza.csic.es A further step in exploring the influence of the geographic distribution of ecological interactions is to explicitly consider heterogeneity in the distribution of adaptive responses (i.e., antiparasitic defenses) at the individual level, which may be fundamental to a mechanistic understanding of population persistence (Hanski 1996) , spread of parasitism (Meyers et al. 2006) , and the dynamics of host-parasite relationships under heterogeneous environmental conditions (Brooks et al. 2008 , Smith et al. 2011 . Because of the spatial autocorrelative nature of resources, it is likely that host abundance is also spatially autocorrelated. Given that parasite abundance depends on host abundance, it is likely to be spatially autocorrelated as well. It is known that parasites may affect their host's spatial distribution (Møller et al. 2010) as well as migration rates (Martı´nez et al. 1999) , and that spatial heterogeneity in environmental conditions may affect spatial heterogeneity in the diversity and abundance of parasites and parasitism (Hochberg and Van Baalen 1998) , including brood parasitism (Martı´n-Ga´lvez et al. 2007 ). Consequently, parasitism should also affect the spatial autocorrelation of defensive and life history traits of their individual hosts, even within a single population. Parasitism is also temporally autocorrelated and affects persistence of population characteristics (Boulinier and Lemel 1996, Schmidt 2004) , as well as the dynamics and the geographic distribution of the interactions. Thus, antagonistic interactions have been suggested to produce dynamic clines that change rapidly through time, producing shifting patterns of local adaptations and maladaptations . Consequently, defensive abilities of hosts should be spatially autocorrelated when the level of antagonistic interaction is high. If the parasite abandons a geographic location with high rates of defensive individual hosts, individuals with costly defenses will eventually, after some delay in time, be replaced by nondefensive hosts (Soler et al. 1998a, b) , relaxing the spatially autocorrelation for host defensive abilities. Thus, temporal variation in selection pressure due to parasitism will affect the spatial distribution of defensive and nondefensive phenotypes and, consequently, the strength of spatial autocorrelations.
In the absence of parasitism, life history traits of hosts should be spatially autocorrelated due to spatial autocorrelation in resource distribution. Thus, parasitism should also affect the strength of spatial correlation of life history traits related to resource distribution. It is known, for example, that parasitism selects for enlarged clutch sizes Heeb 1995, Soler et al. 2001b) and that hosts with delayed laying dates experience a higher probability of parasitism (Martı´nez et al. 1996 , Ruiz de Castan˜eda et al. 2009 ), although this is not always the case (Martı´n-Ga´lvez et al. 2007 ). Therefore, selection pressures due to parasitism may break the spatial autocorrelation of life history traits of hosts, due to spatial distribution of resources.
In this study, we explore these scenarios and predictions in a Spanish population of Magpies (Pica pica) parasitized by the Great Spotted Cuckoo (Clamator glandarius). The population is composed of several geographically separated, but genetically undifferentiated, subpopulations (Martı´n-Ga´lvez et al. 2007) . Previous studies showed that the probability of parasitism changes among subpopulations and breeding seasons (Soler et al. 1998b) , and that defensive Magpies (e.g., those with defensive genotypes and rejecters of parasitic eggs) are more abundant in high-quality habitat patches (Martı´n-Ga´lvez et al. 2007 ). In addition, parasitism by cuckoos occurs most frequently in these high-quality habitat plots where defensive Magpies are more abundant (Martı´n-Ga´lvez et al. 2007 ); thus probability of parasitism and within-population frequency of defensive Magpies are related at the metapopulation level (Soler et al. 1999a) . We also know that parasitism increases gene flow (Martı´nez et al. 1999 ) and average clutch size (Soler et al. 2001b ) among sympatric populations. Thus, this is an appropriate system for testing the spatial autocorrelation in defensive and life history traits of Magpies, and for testing the influence of parasitism on geographic and temporal variation in the strength of spatial autocorrelation of these traits. We first estimated the degree of spatial autocorrelations (b values) within plots for parasitism occurrence, rejection rates, clutch size, and laying dates of Magpies breeding in three different subpopulations during three different breeding seasons, providing nine estimates of spatial autocorrelation for each Magpie trait. First, we predicted considerable temporal and geographical variation in the estimates because of variation in environmental factors among patches and years, including the probability of brood parasitism. Secondly, we predicted that the probability of brood parasitism by the Great Spotted Cuckoo should be positively related to the strength of spatial autocorrelation of the Magpie's ability to recognize and reject foreign eggs in their nests. Finally, because both resource availability and brood parasitism affect the spatial distribution of hosts, if risk of parasitism breaks the spatial distribution of host life history traits, we predict that the probability of parasitism should be negatively associated with the strength of spatial autocorrelation for clutch size and laying date of Magpies.
MATERIAL AND METHODS

Study area and species
The Magpie population of Guadix (37818 0 N, 3811 0 W), southern Spain, is situated in a high-altitude plateau (;1000 m above sea level). The vegetation is sparse, including cultivated cereals (especially barley) and many groves of almond trees (Prunus dulcis) and oaks (Quercus rotundifolia), in which Magpies prefer to build their nests (Soler 1990 ). The Guadix Magpie population is composed of several subpopulations, which are separated by arable land with few or no potential nest sites for the Magpie (Soler et al. 1994 ; see Plate 1). Thus, because of the patchiness of the study area, it is possible to distinguish several geographically isolated subpopulations of breeding Magpies (here we use data from three: Charches, Hueneja and Carretera; Fig. 1 ) that differ in productivity but are not genetically differentiated (Martı´n-Ga´lvez et al. 2007 ). We chose these three subpopulations and years because of good sample sizes and significant variation in parasitism. Previous studies have also found differences in ecological conditions among subpopulations, including different rates of brood parasitism (Soler et al. 1994 (Soler et al. , 1998a , which were positively related to differences in frequency of defensive (i.e., egg-recognizer) Magpies (Martı´n-Ga´lvez et al. 2007 ).
Field procedures
Fieldwork was conducted during the breeding seasons of 2006-2008. At the beginning of spring in March-April, we intensely searched for nests of Magpies and revisited them regularly to determine their laying date. Latitude and longitude coordinates of each nest were estimated in situ with GPS (Garmin Geko 201, precision 63-5 m). When a nest contained at least one Magpie egg, it was experimentally parasitized with one mimetic model egg made of plaster of Paris and painted to resemble a Great Spotted Cuckoo egg. During the laying period, we visited the nests at least three times per week to determine clutch size and natural parasitism (presence of Great Spotted Cuckoo eggs or traces of parasitism such as broken eggs). We did not estimate fledging success because many nestlings were used for cross-fostering experiments (Soler and de Neve 2012). Thus, mean values of clutch size were used as an index of Magpie productivity. In fact, clutch size in the Magpie was positively correlated with recruitment rate (Newton 1989) .
In order to estimate the ability of Magpies in the different subpopulations to recognize foreign eggs, we performed egg rejection experiments independently of whether nests were parasitized by Great Spotted Cuckoos. We classified Magpie pairs as accepters if the experimental model egg remained in the nest six days after its introduction (Soler 1990 ). If the model disappeared from the nest, or the Magpie pair abandoned its clutch after experimental parasitism, it was considered as a rejecter. Because Magpies may abandon the nest for reasons other than experimental parasitism, we considered nest desertion to be a response to a model egg only if abandonment was detected two days after experimental parasitism (two cases) (e.g., Martı´n-Ga´lvez et al. 2007) . We refer to rejecter and accepter phenotypes in a probabilistic sense by assuming that those that reject our experimental egg are more prone to reject natural parasitic eggs than those classified as accepters. These are phenotypes for which genetic markers have been found, supporting a genetic basis for the egg rejection ability of Magpies (Martı´n-Ga´lvez et al. 2006) .
As a measure of selection pressure due to parasitism, we used parasitism rate. We considered a nest as parasitized when it contained at least one cuckoo egg or showed traces of parasitism (e.g., missing or damaged host eggs; see Plate 1). Great Spotted Cuckoos typically cause breakage or denting of some Magpie eggs during laying, which is easily detected by observers even if the cuckoo egg was rejected before we visited the nest (e.g., Soler and Martı´nez 2000) . Nonetheless, our values of parasitism rate should be considered underestimates, following Rothstein (1971) . We only used data from the first breeding attempt because egg-rejecter Magpies in the first breeding attempt may change their behavior to acceptance in replacement clutches due to retaliatory behavior of Great Spotted Cuckoos (i.e., ''mafia behavior''; Soler et al. 1999b ).
Statistical analyses
We created matrices and spatial autocorrelation analyses (Mantel tests) in the R environment, version 2.11.1 (R Development Core Team 2010). We created all the matrices within subpopulation for each year and for the variables analyzed by using command dist of R package stats, version 2.11.1 (R Development Core Team 2010). Matrices of geographical distances between nests (expressed in meters) were obtained from the latitude and longitude coordinates of nests. Matrices of absolute differences in clutch size and laying date between nests were also built. For parasitism and egg rejection behavior of Magpies, matrices were built with 0's (when the pair of nests experienced the same parasitism status or response to model eggs) or 1's (when the pairwise nests differed with respect to parasitism and response to experimental parasitic eggs). Afterward, by using the R package ''ecodist'' version 1.2.3 (Goslee and Urban 2007), we performed spatial autocorrelation analyses (Mantel tests with 10 000 permutations), with matrices of parasitism status, egg rejection behavior, clutch size, and laying date as dependent variables, and matrix of geographical distances among nests as the explanatory variable. This exercise was done for each study plot and year for which we estimated the percentage of variance explained (R 2 ), the strength of spatial correlation (b values), and whether these values differed significantly from zero (P value). Positive spatial autocorrelations indicate that neighboring Magpie breeding pairs have similar values, whereas negative autocorrelations indicate that the similarity of values between distant pairs was greater than expected by chance. The use of Mantel correlograms is justified because they recently have been indicated as powerful tools in ecological analyses (Borcard and Legendre 2012) .
Parasitism rates depended greatly on study plot, with Hue´neja and and Carretera experiencing the highest and the lowest rates each study year, respectively (see Table  1 ). In order to account for the nonindependence of parasitism rate between years in the same plot, and, therefore, to avoid possible pseudoreplication of the nine estimated b values, we estimated residuals of parasitism rates after controlling for the effect of plot identity in a GLM (generalized linear model). Consequently, residual values are deviations from mean values (estimated for each study plot separately) estimated for each study year.
The possible influence of the probability of parasitism on the degree of spatial autocorrelation was explored by regressing b values estimated for each study plot and year (obtained from Mantel tests) against residuals of the parasitism rates after correcting for the effects of study plot. In addition, because sample sizes used for estimations of b's and probability of parasitism differed among plots and years, these regressions were weighed by sample sizes to account for heterogeneity in sample size from different plots.
RESULTS
Average values of clutch size, laying date, and rejection and parasitism rates for the three plots are shown in Table  1 . These values varied among study plots and years. Average clutch size of the Magpie estimated for different plots and years fluctuated between 5.62 and 7.18 eggs. Mean laying dates ranged from 16 to 22 April. Estimated rejection rates also varied among populations and years, from 20.78% to 41.18%. The most variable factor was parasitism rate, which ranged from 0% to 73.68%.
Spatial autocorrelations
The risk of parasitism for the entire study area was spatially autocorrelated for two out of the three study years because it did not reach statistical significance in 2006 ( Table 2) , indicating that nests that were close to each other experienced a similar probability of parasitism. Except for 2008 in the Hue´neja plot, we did not find evidence of spatial correlation of parasitism within study plots (Table 2) . Thus, the spatial component of the probability of parasitism was mainly due to differences in the probability of parasitism among study plots.
The spatial component of the response to experimental model eggs also varied among study years and areas. Significant effects were only detected in 2008 ( Table 2) . Magpies that in 2008 nested close to each other in the Hue´neja and Charches plots had a similar response to experimental model eggs (Table 2) .
We did not find evidence of a spatial component explaining variation in laying date of Magpies (Table 2) . In contrast, for clutch size the geographic component was quite variable both among plots and years. A significant autocorrelation was only detected in 2006 for the whole study area and in the Hue´neja study plot, and in 2007 for nests in the Charches study plot (Table 2 ). In all of these cases, Magpies that were closer to each other laid clutches of similar size (Table 2) .
Brood parasitism and spatial autocorrelations
The strength of spatial autocorrelations of Magpie responses to experimental model eggs was positively related to the probability of parasitism (R 2 ¼ 0. 506, N ¼ 9, P ¼ 0.032; Fig. 2A ), indicating that neighboring Magpies respond similarly to experimental parasitism when natural parasitism risk is high, whereas they tend to respond randomly when parasitism it is weak. Moreover, the probability of parasitism was negatively related to the strength of spatial autocorrelation for clutch size (R 2 ¼ 0.697, N ¼ 9, P ¼ 0.005; Fig. 2B ), indicating that when parasitism decreases, Magpies breeding closer to each other tend to have more similar clutch sizes than distant breeders. The probability of parasitism, however, was not related to the strength of spatial autocorrelation for laying date (R 2 ¼ 0.047, N ¼ 9, P ¼ 0.58).
DISCUSSION
Our results of analyses of spatial autocorrelation in a host-parasite model system indicate, for the first time, that clutch size, parasitism, and egg rejection by Magpies, but not laying date, are spatially autocorrelated for some study plots and years. We predicted that clutch size and antiparasitic defenses should be spatially autocorrelated because, respectively, they depend on territory quality and on the level of selection pressure due to parasitism, which are spatially autocorrelated. Moreover, because selection pressure due to brood parasitism may break the predicted spatial autocorrelation of clutch size due to the spatial distribution of resources, variation in parasitism should result in variation in the strength of spatial autocorrelation of both clutch size and the level of antiparasitic defenses. In accordance with this scenario, we detected that variation in the strength of spatial autocorrelation of Magpie clutch size and of the response to experimental parasitism were explained by temporal and spatial 
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Spatial autocorrelation of clutch size and the influence of brood parasitism
Evidence for spatial autocorrelation in clutch size was detected for some study subpopulations and years (Table 2) . Endogenous factors such as migration and natal dispersal may be the cause of the detected positive spatial autocorrelation in clutch size of Magpies. However, this explanation is unlikely because, in our study area, natal dispersal distances do not predict productivity of Magpies during their first year of breeding, and females that breed at similar locations during consecutive years increase their clutch size (Molina-Morales et al. 2012) . These recent findings suggest that clutch size is largely independent of migration and natal dispersal in Magpies. Exogenous factors, such as territory quality or parasitism rate, may also be responsible for spatial autocorrelation in clutch size. However, laying date, which is a good predictor of territory quality in the Magpie (Birkhead 1991 , Soler et al. 1995 , was not spatially autocorrelated, suggesting that territory quality is not the main factor explaining spatial distribution of clutch sizes. Yet, we cannot entirely dismiss the importance of territory quality in explaining spatial correlation in clutch size because laying date is not the only component of territory quality.
Clutch size in Magpies is known to be related to the probability of parasitism (Soler et al. 2001b) , and enlarged clutch size has even been suggested to be a defensive trait related to tolerance of parasitism (Svensson and Ra˚berg 2010, Soler et al. 2011) . Moreover, nest site selection by Magpies may be related not only to territory quality, but also to the interaction between the probability of suffering brood parasitism and defensive abilities (Feeney et al. 2012) . In plots with a reduced probability of parasitism, Magpies would preferentially select high-quality territories for breeding. In the case of plots with a high probability of parasitism, abandoning good-quality territories that are preferred by cuckoos would be beneficial mainly for nondefensive (egg acceptors) individuals (Martı´n-Ga´lvez et al. 2007 ). This scenario suggests a mismatch between territory and phenotypic quality (i.e., egg productivity) of Magpies that would break the spatial autocorrelation due to resource distribution and, therefore, explain the reduced spatial autocorrelation of clutch size detected in areas with a high risk of parasitism.
Spatial autocorrelation of egg rejection behavior and the influence of brood parasitism
Evidence for spatial autocorrelation was also detected for the ability of Magpies to reject parasitic eggs from their nests. In 2008, nests that were close to each other showed a similar response to experimental parasitism in two of the three study plots. We hypothesized that selection pressures due to brood parasitism would be one factor explaining variation in spatial autocorrelation R 2 P 9.49 3 10 À6 2.88 3 10 À4 0.8580 À9.37 3 10 À6 2.28 3 10 À4 0.8424 1.14 3 10 À4 2.77 3 10 À2 0.0390 2.66 3 10 À5 5.50 3 10 À3 0.0374 6.22 3 10 À5 1.42 3 10 À2 0.1162 1.49 3 10 À4 2.04 3 10 À2 0.0158 2.97 3 10 À5 2.61 3 10 À3 0.6095 4.71 3 10 À6 2.34 3 10 À4 0.5533 2.54 3 10 À4 2.10 3 10 À1 0.0553 À6.63 3 10 À5 5.28 3 10 À3 0.3460 5.06 3 10 À5 8.25 3 10 À3 0.2598 4.34 3 10 À6 1.71 3 10 À4 0.7928 of defensive responses to parasitism. This hypothesis was based on the assumptions that parasitism is often spatially autocorrelated (i.e., patchy distributed; Lachish et al. 2011) , and is related to spatial distributions (Møller et al. 2010 ) and gene flow of hosts (Martı´nez et al. 1999) . We found support for this assumption in our study population because when the distribution of parasitism was spatially autocorrelated (i.e., study year and plot), rejection ability of Magpies also tended to be spatially autocorrelated (Table 2 ). These results suggest that spatial autocorrelation of parasitism may cause the spatial distribution of rejecter Magpies. Hosts may use direct and indirect cues for inferring the risk of parasitism, and accordingly, express plastic defenses (Soler et al. 2012, Welbergen and Davies 2012) and/or select sites for nesting (Martı´n-Ga´lvez et al. 2007 ). Antiparasitic behaviors of neighbors also affect the phenotypic manifestation of defenses (Campobello and Sealy 2011b) . These characteristics of the brood parasite-host systems could explain the detected relationship between the strength of the spatial autocorrelation of egg rejection behavior of Magpies and the probability of parasitism, because distribution of defensive traits would result in spatial autocorrelation in areas and years with a high risk of parasitism.
The possibility of social transmission of defensive behavior among neighboring Magpies (Davies and Welbergen 2009 , Campobello and Sealy 2011b , Soler 2011 ) explains the detected spatially autocorrelated defensive responses, implying that the expression of antiparasitic defense (i.e., mobbing of brood parasites or parasitic egg rejection) of one individual host would PLATE 1. (Top) Magpie nest containing a nine-day-old Great Spotted Cuckoo nestling, one recently dead two-day-old Magpie chick, and three non-viable Magpie eggs, broken due to behavior of Great Spotted Cuckoos. As with many parasitized Magpie nests, no Magpie chick fledged from this nest. (Bottom) Scattered distribution of trees for potential nest of Magpies in the study area, as viewed from the Carretera (CA) plot from where isolation of the Hueneja (HU) plot is seen. Photo credits: J. J. Soler. provoke the expression of plastic antiparasitic responses by neighboring breeders Welbergen 2009, Campobello and Sealy 2011b) . However, in contrast to mobbing of parasitic adults that can be observed by neighbors from their own territories, egg rejection behavior will be difficult to transmit because the presence of a parasitic egg in the nest and egg rejection behavior can only be observed by directly visiting nests of neighbors (Soler 2011) . This difficult transmission of egg rejection behavior among hosts, together with the environmental fluctuation in selection pressure due to brood parasitism, may select for individual, rather than social, learning of antiparasite responses (Campobello and Sealy 2011a) . Thus, the only possibility that social communication explained the detected spatially autocorrelated response to experimental parasitic eggs in some plots and years is that Magpies used a kind of communicative system that could be interpreted as a ''protolanguage'' (Soler 2011) . This possibility, in fact, has been proposed for Magpies, which, as in other corvids, have very large brains and extraordinary cognitive abilities (review in Soler 2011) that are comparable to those found in primates (Emery and Clayton 2004 ). Thus it may be possible that social communication of response to foreign eggs via referential signals, that is, via a communicative system (Soler 2011) , in response to the probability of parasitism, explained covariation between the probability of parasitism and the strength of spatial autocorrelation of egg rejection behavior of Magpies.
The second possible explanation for the relationship between rates of parasitism and the strength of spatial autocorrelation of egg rejection ability is related to the possibility that egg-recognizer Magpies are distributed within the areas in relation to risk of parasitism and territory quality. In areas with high rates of parasitism, cuckoos may aggregate in good-quality (i.e., productive) plots within the area in which egg-rejecter Magpies are also aggregated, as a consequence of nondefensive Magpies abandoning good-quality territories when the risk of parasitism is high (Martı´n-Ga´lvez et al. 2007) . When selection pressure due to brood parasitism relaxes, not only egg-recognizer Magpies, but also non-recognizers, will aggregate in these areas. Given that egg rejection ability in Magpies has a strong genetic component (Martı´n-Ga´lvez et al. 2006 ), even though it may be plastically expressed (Soler et al. 1999b ), individuals with this genetic ability would be more competitive and abundant than others in good-quality territories during periods of high risk of parasitism.
Final remarks
Although we can only speculate on the mechanisms, for the first time we offer evidence suggesting that brood parasitism affects the spatial distribution of host life history traits within populations. Egg rejection behavior, but not clutch size, was spatially autocorrelated when the probability of brood parasitism was high. When the probability of parasitism was low, egg rejection behavior was distributed randomly, but clutch size was spatially and positively autocorrelated. Although further investigations are warranted on the mechanisms triggering such autocorrelations, these results may have important consequences for estimating evolutionary responses of hosts to parasitic infections and, therefore, for epidemiological, ecological, and evolutionary studies of host-parasite relationships.
